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With regard to the downflow mode mentioned previously, it is worth noting that a few isothermal (T" = T c ) evaporation experiments have been performed using 9 and 17-cm diameter pools. During these experiments there was no surrounding thermal convection, and evaporation proceeded by downward flow over the pool and/or by diffusion. The evaporation rate for the 9-cm pool is a factor of two less than that previously measured in the presence of thermal convection. For the 17-cm pool the evaporation rate is a factor of three less than the evaporation rate with thermal convection. If downflow were dominating the evaporation process then evaporation rates in the presence of thermal convection should have been nearly the same as those measured under isothermal conditions. Also the downflow mechanism requires a positive value of p" -p". If this mechanism is important, one anticipates a detectable change (reduction) in the slope of the measured mass lost versus time curves as the neutral stability limit is approached (lower dashed line in Fig. 2 ). On the contrary, the mass lost versus time trend is unchanged as the neutral stability line is crossed. Clearly, the evaporation process is governed mostly by exterior turbulent conditions rather than by the horizontally directed, hydrostatic pressure gradient just above the surface of the pool.
The evaporation history given by Eq. (3) is valid until Am exceeds the mass of vapor in equilibrium with the ceiling (Am e ,), say at time t = t c . Thereafter evaporation from the pool is balanced by condensation on the ceiling. The (well-mixed) enclosure concentration remains at Y x = Y eq (T c ) and evaporation continues at a constant rate such that Am = P V [Y ell (T c 
) + TrR 2 h m (Y eq (T w ) -Y eq (T c ))(t -01 (4)
Equation (4) is used to extend the model past the point when condensation begins, which is calculated to occur at Am = Am eil (T c ) = 14.4 g, or when F" = Y eq (21°C) = 0.00871 (upper dashed line in Fig. 2 ). Note that in the later stages of an experiment the contribution of organic vapor to the density ratio (p w -p x )/p" is reduced while the thermal contribution is unchanged. By the time condensation begins the vapor contribution becomes (Y eq {T") -Ye 9 (T c )) = 1.0 X 10~3, and thermal convection is overwhelming. Since the stabilizing influence of the organic vapor is diminished as the enclosure vapor concentration increases, it is reasonable to infer that its apparent impact on the model coefficient C" is likewise reduced. Thus the appropriate value for C" is expected to gradually approach 0.15 later in an experiment. In mathematical terms (see Eq. (1)) this transition likely begins at the neutral stability limit where (p" -p«,) /p x = 0, which corresponds to Y" = 0.00568 or Am = 9.4 g (see again Fig. 2 ). This expectation is supported by the late-time (t > t c ) data shown in Fig. 2 , which indicate evaporation rates that compare reasonably well with the (steady) rates predicted for C 0 = 0.15.
Conclusion
The theoretical implications of the comparisons displayed in Fig. 2 are clear: Evaporation from the organic pool is strongly affected by global natural circulation in the enclosure, and the evaporation rate appears to be predictable by a well-established mass transfer correlation. The conventional numerical coefficient for this correlation is C a = 0.15. However, for moderate enclosure vapor concentrations, such that the bulk gas density is less than the gas mixture density just above the organic pool (i.e., p« < pj, the present data suggest that as the pool size increases above 0.4 m the appropriate coefficient decreases and falls below C" = 0.1.
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In the falling film experiments, heat transfer improved due to the increased foaming under nucleate boiling conditions. As surface tension of the mixture decreased, the heat transfer coefficient increased.
Heat transfer improved with addition of surfactant. The bubble density also increased on the heater surface.
Heat transfer with SLS and Tween surfactants in water was same or lower than water though the surface tension was lower.
The presence of bubble on a surface induced microconvection which improved heat transfer with refrigerant, but not for water. Role of surface tension through flow around bubble explained.
The experimental values of superheat prior to nucleation are lower than calculated values. The heat transfer rate increased with the addition of surfactant. The convection component increased while the latent component decreased.
Surface tension driven flow becomes important in the absence of buoyancy circulation caused by gravity.
Comments
Rate of nucleation on the heating surface was affected by the presence of additives, indicating that other factors may be important besides surface tension. Initiation of nucleation was identified as another parameter being affected by surface tension beside the departure bubble volume.
Changes in contact angle and surface viscosity are believed to affect the heat transfer rates. The complex influence of surfactants on heat transfer through bubble growth, departure size and frequency identified.
Although the results are for forced convection, the observed trends are similar to those for pool boiling by other investigators. The relationship between number of bubbles and their growth rates, and heat transfer is quite complex. Surface viscosity with high molecular weight additives retards bubble coalescence leading to increase in heat transfer rate.
Foaming results as the bubbles do not coalesce. This behavior is due to the reduction in surface tension. The localized increase in surface tension during the growth of a bubble inhibits coalescence.
The photographs show the increased bubble activity with smaller bubbles as the surface tension decreased.
The results are contradictory to other studies, (for example Tzan and Yang, 1990, Yang and Ma, 1990) . The reasons are not clear.
Photographic results under saturated conditions should be used with caution as the camera speed was low at 100 fpm. Presence of smaller bubbles improved heat transfer as against the formation of dry spots with large bubbles. For small bubbles, the curvature effect on surface tension needs to be considered. The system is similar to Wang and Hartnett (1992) for water, but the heat transfer improved with addition of surfactant. Increased nucleation with surfactants caused agitation of liquid. Role of surface tension becomes more important in micro-gravity.
Introduction
Boiling heat transfer is the direct result of nucleation, growth, and subsequent departure or collapse of vapor bubbles. The physical existence of bubbles on a heated surface in a liquid introduces solid-liquid-vapor interfaces whose characteristics play an important role in heat transfer and needs to be included in the analysis. Even the simplistic macroscopic models, such as a mechanical force balance on bubbles growing on a cavity, coupled with transient heat transfer analysis, have provided good engineering estimation of the nucleation criterion and heat transfer to some extent. Extension of these models to microscale level is certain to raise a number of concerns, some of which may be addressed by the molecular descriptions presented in literature (e.g., Matsumoto et al., 1995) . With the focus on microscale heat transfer in many applications, such as high flux cooling, ink-jet printers, or localized cooling on an electronic chip surface, there is a growing need to understand the effects of interface mechanisms. A more challenging task, however, lies ahead in translating the microscopic model into information that provides meaningful solutions to practical engineers. The problem is further complicated in binary and mul-ticomponent systems, which are often employed in many of the above-mentioned applications.
In the present paper, the heat transfer characteristics of dilute aqueous solutions of ethylene glycol are investigated. The experimental results generated along with the information available in literature are discussed to gain a better understanding of the parameters affecting the boiling heat transfer for such mixtures.
Literature Review
Surface tension has been identified as an important property affecting the nucleation behavior of a cavity. The nucleation criteria developed by Bergles and Rohsenow (1964) and Hsu (1962) indicate that as the surface tension is lowered, the excess pressure requirement is lowered, as given by Ap = 2cr/R, where R is the critical radius of the nucleating bubble. Clearly, more nucleation sites would become active at a given superheat if a surface-active agent is added to a pure liquid lowering its surface tension without affecting other properties.
Early investigators recognized the importance of surface tension in improving the boiling heat transfer. Table 1 summarizes some of the important work in this area. It can generally be concluded from these studies that a reduction in surface tension leads to a higher nucleation site density, large number of small bubbles on the heater surface, and generally a higher heat transfer coefficient. However, there may be other factors responsible in improving the heat transfer as indicated by the study of Lowerey and Westwater (1957) where the heat transfer increased while surface tension remained constant.
The effect of surface tension is seen in two ways. First, the range of active nucleation sites increases as the surface tension is reduced. This is clearly observed through the photographic studies listed in Table 1 showing a considerable increase in the bubble population on a heater surface. The other related effect is that the bubbles do not coalesce as readily, causing a large number of bubbles to exist on the heater surface. Departure bubble diameter is also reduced.
Interestingly, it has been reported in literature that the bubble growth rates in binary systems are lower compared to pure fluids. Roll and Myers (1966) attribute this to early nucleation at lower wall superheats. The smaller available temperature difference results in a subsequent slower growth rate. Another influencing factor is that, in the presence of a surface-active agent, bubbles do not coalesce, thereby leaving a larger number of smaller bubbles covering the heater surface. Since the smaller diameter cavities fall in the active range, the surface characteristics become important. This fact could perhaps be responsible for the contradictory results observed by Wang and Hartnett (1994) , who observed a decrease in heat transfer with a decrease in surface tension, rather than an increase as reported by other studies reported in Table 1 .
The effects of secondary flows, induced by the variation of surface tension around a bubble become important in microgravity applications. The exact dependence is still not clear. As some studies indicate, this phenomenon may not be important with water (Straub, 1993) .
The addition of another liquid is expected to change the contact angle and wetting characteristics of the mixture. This effect has been suspected to affect the heat transfer by some investigators (e.g., Dunskus and Westwater, 1961) . However, the information available in literature is not enough to draw any conclusions.
An additional mass transfer resistance to evaporation is introduced at the interface in binary systems. This is a direct result of the depletion of the more volatile component during evaporation at the interface. The reduction in the heat transfer depends on the difference between the liquid and vapor phase compositions, and the slope of the bubble point curve. Kandlikar (1998a, b) utilized a volatility parameter, Vt = {c p jJi fe ){KlD n ) ai {x l -yi)dT/dx u to incorporate the binary effects in pool boiling. The same parameter was utilized in flow boiling, and it was found that the suppression due to mass diffusion effects was negligible for V, < 0.03, and heat transfer data was well represented by the ideal mixture value (obtained by treating the mixture as a pesudo-single-component fluid), without any suppression factor (Kandlikar, 1998b) . Since the pool boiling data for dilute solution was not available, this limit could not be established in the pool boiling correlation.
The objectives of the present study are to obtain the experimental data for pool boiling of water/ethylene glycol at low concentrations of ethylene glycol, to establish the limits for V, in estimating the lower limit of binary diffusion effects. The study is also expected to provide an insight on the effects due to variation in surface tension and mass diffusion on pool boiling, and indicate whether the factors such as contact angle and wettability variation needs to be included in future studies.
Experimental Setup

Experimental Apparatus.
The experimental apparatus utilized in this investigation is similar to that employed by Fujita et al. (1996) . The apparatus brings a pool of quiescent liquid to its saturation temperature at atmospheric pressure, and allows the data collection while observing the bubble activity on the tubular heating element. A schematic of the pool boiling apparatus is presented in Fig. 1 .
The experimental apparatus consists of a boiling vessel, a horizontally mounted seamless stainless steel tubular heating element, and an external insulating vessel or enclosure. The boiling vessel is a rectangular tank made out of |-in. 2024-T3 aluminum stock, whose dimensions are 82.16 mm X 82.16 mm and it is 123.24 mm tall. It provides a glass window for visual observation of the boiling phenomena. A rectangular window 51.35 mm X 82.16 mm is made out of an amber borosilicate with properties very similar to those of PYREX.
The heating element, or test section, consists of an electrically heated seamless stainless steel tube with 3.08 mm OD, 2.05 mm ID, and 42.4 mm long. It was mounted horizontally 60 mm below the free liquid surface. The circular tube heater geometry was selected because the results obtained by Fujita et al. (1996) for a similar geometry could be used to check the validity of the present experimental setup before conducting experiments in the low concentration region. While previous researchers utilized the test section as a resistance thermometer, in this study the internal wall temperature of the stainless steel tube is measured with a set of four E-type thermocouples. A Teflon tubing was introduced with a slight interference-fit inside the heating tube for positioning and securing the thermocouples against the inner tube wall as shown in Fig. 2 . The four thermocouple wires were threaded through the flexible Teflon tube, and the thermocouple beads were manufactured to fit closely inside the tapered hole. The thrmocouples were flush with the teflon tube, and measured the inner wall temperature of the stainless steel tube. The thermocouple beads were placed 7 mm and 90 deg apart from its neighbor and were mounted symmetrically from the center of the tube length covering the central 25-mm tube length. The resulting geometry yielded an adequate overall coverage of the internal temperature distribution along the inner wall of the heating element. The stainless steel tube was powered by a DC power within a range of 15-60 amps, according to the heat flux specification. The teflon tube was filled with epoxy so that there was no convection inside the stainless steel or teflon tubes. Also, the absence of axial conduction losses in the central region provided accurate estimation of heat flux in the vicinity of the thermocouples. A second set of thermocouples was deployed vertically in the boiling vessel to measure the bulk liquid and vapor temperatures. Three thermocouples were placed in the liquid, and two in the vapor, and they monitored the saturation state of the mixture. In bringing the liquid to its saturation temperature, four auxiliary sheet heaters were attached on the outside walls of the boiling vessel. The heaters are rated 100 watts at 120 volts. After reaching the saturation state, the power to heaters was reduced to 60-80 percent of the rated output for the duration of the experiments.
In maintaining the original experimental conditions throughout, it was important to maintain the same heating surface characteristics for all runs and to keep the composition of the liquid constant during each run. An ethanol drenched gauze was used to clean the surface prior to each data gathering session followed by thorough rinsing with distilled water. To keep the liquid composition constant during each series of runs, a condenser was provided to condense the vapor generated on the boiling surface.
It should also be noted that to avoid the thermal hysteresis effects, a phenomenon frequently observed in boiling systems, the heat flux was gradually increased to the highest desired value, and the data was collected as the heat flux was reduced in a step-wise fashion.
Details of the Binary Mixture and Error Estimation.
In the present study the liquid charged to the boiling vessel was made up of distilled water and super-high reagent grade ethylene glycol. The distilled water utilized had been de-gassed. The two pure components were mixed on a volume ratio basis, derived from the desired mass fraction values. The resulting mass fraction was accurate to within ±0.1 percent. It was decided that data for the entire range of concentration should be gathered first and compared with the published literature to ascertain the accuracy of the experimental setup. After these tests, dilute aqueous solutions of ethylene glycol are tested for the concentrations of one, two, three, five, and ten percent by mass.
The standard fluid properties for each of the components were obtained from the ASHRAE Fundamentals Handbook (1994) for water, and from a Union Carbide (1997) publication for ethylene glycol. Mixture properties were obtained from HYSIM (1996) property routines. The thermocouples were calibrated at steam point and ice point and matched with the actual values within 0.1 C. The error in the surface temperature estimation from the temperature profile equation for a tube with internal heat generation provided a surface temperature estimation within 0.2 K. The heat flux was calculated after measuring the actual voltage applied to the test section. The heat losses from the sides were minimal and their influence was negligible as only the central 21 mm region of the tube length over the 42 mm heated length was considered for temperature measurement and subsequent data reduction. From this analysis, the overall heat transfer coefficient is estimated following the error analysis procedure outlined by ASME Policy on Error Estimation to be within ±7.5 percent.
Experimental Procedure and Data Reduction.
The experimental procedure was initiated with the charging of the binary mixture, at the required concentration, to the boiling vessel. The mixture was then brought up to its saturation temperature, at atmospheric pressure, by the use of four auxiliary heaters. Once the temperature came to within 3 K of the saturation temperature, the auxiliary heater power was cut down to between 60 percent and 80 percent of the maximum power. Direct current, ranging between 15 and 60 amperes, was then supplied to the stainless steel test section, and this was done in the order of decreasing heat flux to avoid boiling hysteresis. The process was allowed to proceed for approximately \ hour, enough time for degassification of the mixture and for the temperature distribution on the boiling surface to stabilize. The two sets of temperatures inside the vessel and inside the heater tube were then recorded. This procedure was repeated for the entire spectrum of concentrations, and multiple runs verified the validity of the gathered results.
From the measured values of power to the heater, the heat flux was calculated after incorporating the voltage drop in the leads. The average of the four inner wall temperatures was used to estimate the outer wall temperature using the temperature distribution expression for a cylinder with uniform heat generation. The saturation temperature was determined from the atmospheric pressure and the known concentration. HYSIM property routines were employed to determine the saturation properties. Heat transfer coefficient was then calculated on the basis of the outside diameter of the heater tube.
Results and Discussion
Experiments were first conducted over the entire range of mass concentration in steps of 0.1 to compare with the available data by Fujita et al. (1996) . Figure 3 shows the results for the heat flux value of 100 kW/m 2 . Experiments could not be performed with pure ethylene glycol due to its high boiling point. It can be seen that the agreement between the two sets is excellent. However, the pure water data lies somewhat below Fujita et al.'s data. To confirm this, the pure water runs were repeated three more times over a period of two months. The results were within two percent. Similar agreement was observed at lower heat fluxes as well.
To study the effect of concentration on heat transfer for dilute mixtures, experiments were conducted with one, two, three, five, seven, and ten percent mass fractions of ethylene glycol. Figure 4 shows the results for four different heat fluxes. For one percent concentration, the heat transfer coefficient increased between zero to five percent above the pure water value, and then it started to decrease with increasing concentration. However, as the heat flux increased, the heat transfer coefficient with two, three, and five percent ethylene glycol concentration was also noted to be above the respective pure water values. There is no data available in literature in this range of composition. To verify the results, the experiments were repeated and found to agree within two to three percent. The ideal heat transfer coefficient, a id , for the binary solutions are obtained as the reciprocal mass fraction average of the respective pure component value. Fujita et al.'s (1996) values for pure ethylene glycol were used in calculating a id . Variation of a ld with concentration is also plotted in Fig. 4 .
As noted in the literature survey, the addition of surfactants at low concentration is found to increase the heat transfer coefficient. Figure 5 shows the variation of surface tension with ethylene glycol concentration obtained from the HYSIM property routines, It is seen from this figure that the surface tension remains almost constant with the addition of small quantities of ethylene glycol to water. However, adding water to ethylene glycol increases the surface tension at low concentrations.
In the low concentration region, the surface tension as well as other properties remain essentially constant at the pure water values. The enhancement effect is shifted to higher concentrations (see Fig. 3 ), in the two to five percent range, as the heat flux is increased from 10 to 100 kW/m 2 . The most significant factor associated with binary pool boiling heat transfer is the degradation caused by the preferential evaporation of the more volatile component at the bubble interface. The mass transfer resistance in the liquid raises the liquid temperature at the interface with subsequent degradation in heat transfer. In analyzing pool boiling heat transfer, the volatility parameter V, is often utilized. The same parameter was utilized by Kandlikar 1998b) in correlating the flow boiling data of mixtures. It was noted that for V, < 0.03, the mixture effects were negligible, and the heat transfer was given by the ideal heat transfer coefficient value. In other words, the mixture behaved like a pure component without any mass diffusion effects. Figure 6 shows a plot of the volatility parameter, V,, plotted against mass concentration for water-ethylene glycol mixture. It can be seen that at low concentrations of ethylene glycol, up to ten percent, the value of V, is less than 0.005. In this range, the mass diffusion effects would be negligibly small.
Conversely, the volatility parameter has a very high value near pure ethylene glycol side (Fig. 6) . Further, the surface tension increases rapidly with the addition of small amounts of water (Fig.  5) . The combined effect of these two factors is a significant deterioration in heat transfer for water-ethylene glycol mixture with small amount of water as seen from Fig. 3 .
In the absence of the surface tension changes, or mass diffusion effects, the only explanation for the slight improvement in the heat transfer coefficient seen in the low concentration region could be offered on the basis of the changes in contact angle, or other bubble nucleation and growth related parameters. However, the increase observed is quite small, and it is suggested that similar experiments should be conducted with other binary mixtures to explore the heat transfer characteristics in the low concentration region in the absence of significant mass diffusion effects.
Conclusions
The literature survey indicates that addition of a small amount of surface-tension reducing agent enhances the pool boiling heat transfer. An experimental study was performed to determine the effects of binary diffusion and surface tension on pool boiling heat transfer of dilute aqueous solutions of ethylene glycol. The experimental results over the 10 to 98 percent range are in excellent agreement with the experimental data of Fujita et al. (1996) . Following conclusions related to the low concentration region are drawn based on the present study.
1 Heat transfer coefficient was seen to increase slightly with the addition of small amount of ethylene glycol to water. Surface tension of the mixture was essentially constant in this range, and is not believed to be the cause for this increase.
2 The binary diffusion effects are insignificant for dilute aqueous solutions of ethylene glycol. The volatility parameter Vx is seen to represent this effect. For V, < 0.03, the mixture may be treated like a pure component from a heat transfer viewpoint. The heat transfer coefficient can be estimated as the pool boiling heat transfer coefficient for the ideal mixture. Additional correction for surface tension may be introduced in this term.
3 Since the surface tension and the mass diffusion effects are found to be insignificant for the aqueous solutions of ethylene glycol a low concentrations, the changes in contact angle or other related parameter are suspected to be responsible for this increase. Further experimentation with different binary combinations is recommended along with accurate measurements of contact angle changes in this region. Latent heat thermal storage units have received greater attention in the recent years due to their advantages of modular construction, reliability, isothermal behavior of energy source, and pollutionfree operation. However, such units suffer from the disadvantage that the heat transfer rate decreases as the interface moves away from the heat transfer surface, due to the increasing thermal resistance offered by the solidified phase-change material. This calls for the usage of proper heat transfer enhancement methodologies.
The use of finned tubes with different configurations to enhance heat transfer has been reported by various researchers. Studies on external annular fins were made by Lacroix (1993) , Padmanabhan and Krishnamurthy (1986a, b), and Sparrow et al. (1981) . Griffin and Smith (1980) and Smith and Koch (1982) have done a theoretical study of solidification adjacent to a flat-finned surface. Velraj et al. (1997) have presented experimental results of a thermal storage unit consisting of a vertical cylindrical tube containing the phase-change material with internal longitudinal fins. Among the various methods employed for modeling the phasechange problems, the enthalpy formulation is widely used. Sham-
